The anatomical organization of the basal ganglia supports their involvement in movement and behavioural disorders. Thus dyskinesia, attention deficit with or without hyperactivity, and stereotyped behaviour can be induced by microinjections of bicuculline, a GABAergic antagonist, into different parts of the external globus pallidus (GPe) in monkeys. The aim of the present study was to determine the anatomo-functional circuits inside the basal ganglia which are specifically related to each of these behavioural changes. For that, axonal tracers were injected in the same pallidal sites where abnormal behaviours have previously been obtained by bicuculline microinjections. The labelling was mapped in the different basal ganglia and matched with the topography of the cortico-striatopallidal projections already reported in the literature and with the distribution of calbindin immunoreactivity. Our results first show that the pallidal sites related to dyskinesia, attention deficit with or without hyperactivity, and stereotyped behaviour, were respectively in motor, associative and limbic territories, defined as weak, moderate and intensive calbindin immunoreactivity. The same relationship was observed between the distribution of the labelling in the different basal ganglia after tracer injections performed in these different pallidal sites and the anatomo-functional territories. Thus regarding the origin of the circuits within the striatum, tracer injections performed in the dyskinesia site labelled neurons located in the posterior sensorimotor putamen, those performed in the hyperactivity and/or attention deficit labelled neurons in the laterodorsal putamen and caudate nucleus, regions corresponding to associative and anterior motor territories, while those performed in the stereotyped behaviour site labelled neurons in the ventral limbic striatum. Regarding the GPe output on the basal ganglia, the different circuits also appeared underlined by different anatomo-functional territories, even if a partial overlap exists. Each of these anatomical circuits systematically involves both the internal globus pallidus (GPi) and the substantia nigra pars reticulata (SNr) but, whereas movement circuit is mainly related to the GPi, stereotyped behaviour is mainly related to the SNr. Additionally, subregions of the subthalamic nucleus were also systematically involved, depending on the movement or behavioural disorder produced. These results demonstrate that distinct circuits involving different anatomofunctional territories of the basal ganglia, with partial overlap, participate in different behavioural disorders in monkeys. It seems likely that these neuronal circuits are involved in pathologies like Tourette's syndrome, attention deficit/hyperactivity disorders and obsessional compulsive troubles. This study provides the basis for further researches with a therapeutical viewpoint.
Summary
The anatomical organization of the basal ganglia supports their involvement in movement and behavioural disorders. Thus dyskinesia, attention deficit with or without hyperactivity, and stereotyped behaviour can be induced by microinjections of bicuculline, a GABAergic antagonist, into different parts of the external globus pallidus (GPe) in monkeys. The aim of the present study was to determine the anatomo-functional circuits inside the basal ganglia which are specifically related to each of these behavioural changes. For that, axonal tracers were injected in the same pallidal sites where abnormal behaviours have previously been obtained by bicuculline microinjections. The labelling was mapped in the different basal ganglia and matched with the topography of the cortico-striatopallidal projections already reported in the literature and with the distribution of calbindin immunoreactivity. Our results first show that the pallidal sites related to dyskinesia, attention deficit with or without hyperactivity, and stereotyped behaviour, were respectively in motor, associative and limbic territories, defined as weak, moderate and intensive calbindin immunoreactivity. The same relationship was observed between the distribution of the labelling in the different basal ganglia after tracer injections performed in these different pallidal sites and the anatomo-functional territories. Thus regarding the origin of the circuits within the striatum, tracer injections performed in the dyskinesia site labelled neurons located in the posterior sensorimotor putamen, those performed in the hyperactivity and/or attention deficit labelled neurons in the laterodorsal putamen and caudate nucleus, regions corresponding to associative and anterior motor territories, while those performed in the stereotyped behaviour site labelled neurons in the ventral limbic striatum. Regarding the GPe output on the basal ganglia, the different circuits also appeared underlined by different anatomo-functional territories, even if a partial overlap exists. Each of these anatomical circuits systematically involves both the internal globus pallidus (GPi) and the substantia nigra pars reticulata (SNr) but, whereas movement circuit is mainly related to the GPi, stereotyped behaviour is mainly related to the SNr. Additionally, subregions of the subthalamic nucleus were also systematically involved, depending on the movement or behavioural disorder produced. These results demonstrate that distinct circuits involving different anatomofunctional territories of the basal ganglia, with partial overlap, participate in different behavioural disorders in monkeys. It seems likely that these neuronal circuits are involved in pathologies like Tourette's syndrome, attention deficit/hyperactivity disorders and obsessional compulsive troubles. This study provides the basis for further researches with a therapeutical viewpoint.
Introduction
It is well established that the origin and distribution of corticostriatal inputs allow us to subdivide the striatum into three anatomo-functional territories. They are referred to respectively as (i) sensorimotor territory processing sensorial and motor information; (ii) associative territory processing cognitive information; and (iii) limbic territory processing emotional and motivational information (Alexander et al., 1986; Parent and Hazrati, 1995b; Haber et al., 2000) . These anatomo-functional territories occupy distinct regions without clear-cut boundaries between each of them (Parent and Hazrati, 1995a; Haber et al., 2000) . This partition in three territories is maintained within the basal ganglia, especially in the external globus pallidus (GPe) regarding the distribution of the striatopallidal projections (Parent et al., 1984; Smith and Parent, 1986; Haber et al., 1990; Saint-Cyr et al., 1990; Hedreen and DeLong, 1991; François et al., 1994a) . Such anatomical organization allows us to speculate that activities of some cortical area will affect the neuronal activity in the corresponding striatal and pallidal territories.
Functional imaging studies (PET or functional MRI) in humans suggest that abnormal activities in different parts of the cortex and basal ganglia are present in various behavioural disorders. It was reported that patients expressing attention deficit/hyperactivity disorder (ADHD) have a reduced metabolism in the prefrontal cortex and in the associative part of the striatum (Castellanos et al., 1996; Filipek et al., 1997; Rubia et al., 1999; Castellanos, 2001 ) and in the pallidum as a unit (Aylward et al., 1996; Castellanos et al., 1996) . Tourette's syndrome which is characterized by motor (tics) and behavioural disorders such as obsessive-compulsive disorder and ADHD (for a review, see Jankovic, 2001 ) is marked by abnormalities in various parts of the cortex, striatum and thalamus (Scarone et al., 1992; Peterson et al., 1993; Singer et al., 1993; Hyde et al., 1995; Eidelberg et al., 1997; Moriarty et al., 1997; Peterson, 2001) . Thus in these various behavioural disorders, the dysfunction seems limited to the cortex and striatum, whereas the involvement of the other components of the basal ganglia is not obviously mentioned. Only one clinical study reported cases of obsessivecompulsive disorder with an emphasis on the involvement of a subcortical structure other than the striatum, since these troubles are attributed to a bilateral lesion restricted to the pallidum (Laplane et al., 1984 (Laplane et al., , 1989 .
Generally, the functional imaging approach has been, until now, without sufficient resolution to distinguish small anatomical structures or subterritories. Moreover, this approach shows the structures where abnormal changes in activity occur, but it does not allow us to determine which of them is at the origin of such changes. In a complementary way, a pharmacological approach using microinjection of a suitable pharmacological agent in animals allows us to induce a local disturbance of the neuronal activity within a given structure. Then, it can be stated that a functional relationship of causality exists between this part of the structure where a dysfunction is induced and the expression of abnormal movements or behavioural disorders. Indeed, we previously observed in monkeys that microinjections of bicuculline, an antagonist of GABAergic receptor, provoked abnormal movement (dyskinesia) and behavioural disorders (hyperactivity, attention deficit or stereotypy) dependent on the injection site into the anatomo-functional part of the GPe (see Grabli et al., 2004) .
The aim of the present study was to determine the anatomical relationships between the origin of the inputs and the distribution of the output pathways which are related to the neuronal population localized in the GPe where microinjections of bicuculline have been able to induce abnormal movements or behavioural disorders in monkeys. To circumvent this question, injections of axonal tracers were performed in different sites of the GPe where the most characteristic effects have been obtained. This approach allowed us to determine which anatomo-functional circuit is implicated in the different behavioural disorders. The axonal tracers used ensured retrograde tracing in the striatum, and thus opened the way to correlate our results with the numerous data in the literature concerning the corticostriatal projection and functional MRI results in human pathology. The anterograde transport of tracers allowed us to compare the detailed patterns of axonal ending distribution at both the output structures of the basal ganglia represented by the internal globus pallidus (GPi) and the pars reticulata of the substantia nigra (SNr). We also focused our attention on the subthalamic nucleus (STN), another output structure of the GPe. The delineation of anatomo-functional territories in the GPe, as well as in different basal ganglia structures, has been performed according to the distribution of calbindin (Cb) immunohistochemistry, which was shown to be correlated with the delineation of anatomofunctional territories in the striatopallidal complex (François et al., 1994b; Karachi et al., 2002) . More generally, the delineation of anatomo-functional territories was compared with afferent territories already published in the literature using a tract-tracing method. These results have been previously reported in an abstract form (François et al., 2002) and are completed by their behavioural counterparts in Grabli et al. (2004) .
Materials and methods Subjects
Three adult male African green monkeys (Cercopithecus aethiops; H, A and B) were used in both behavioural and anatomical studies and have been supplemented with the anatomical observations performed on one macaque (Macaca mulatta MM33). They weighed between 5 and 7 kg and were aged between 5 and 10 years, as determined by their age at entry in captivity, dentition and hair appearance. All studies were carried out in accordance with European Communities Council Directive of 1986 (86/609/EEC). The animals were kept under standard conditions (12-h light cycles, 23 C and 50% humidity).
Microinjections of bicuculline and behavioural analysis
The behavioural study described in Grabli et al. (2004) was conducted to assess the effects of microinjection of bicuculline into the different functional territories of the GPe. Briefly, to perform these microinjections and finally the injections of tracers, a stainless steel chamber containing a perforated grid was first positioned above the animal's dura. For that, monkeys were first tranquillized with ketamine hydrochloride (10 mg/kg), then anaesthetized through intratracheal intubation (fluothane 1%, nitrogen protoxide 50% and oxygen 50%). The chamber was positioned with reference to the anterior and posterior commissures (AC and PC, respectively) visualized by ventriculography (Percheron et al., 1986) . Since the chamber was fixed on the skull with reference to the ventricular system of coordinates, this device allowed us to perform all microinjections in reference to the stereotaxic coordinates of the various parts of the GPe (for more precise description of the experimental set-up device, see Grabli et al., 2004) . In a first step, abnormal movements and behavioural disorders were induced by microinjections of bicuculline in several parts of the GPe in the two hemispheres of each monkey. Then microinjection sites related to the most typical changes were selected for this anatomical study.
Injections of axonal tracers
Injections of axonal tracers were performed in each GPe of the three African green monkeys studied when all behavioural studies were achieved. They consisted of 0.1-0.2 ml of wheat germ agglutinin conjugated to horseradish peroxidase (WGA-HRP; Sigma, St Louis, MO, USA) 10% in 0.1 M phosphate buffered saline (PBS, 0.01 M, pH 7.4), or of 0.5-0.8 ml of biotin dextran amine (BDA) diluted (10%) in PBS (0.01 M, pH 7.4) injected using the same specific device used for bicuculline micro-injection. Moreover, in order to compensate the weakness of injection in one site (site no. 37 in monkey H), BDA was also injected in the GPe of the experimental case MM33 which was not involved in the behavioural studies. In that case, the injection site was exactly at the same coordinates as those of monkey H.
Three days (for HRP-WGA tracer) and 10 days (for BDA tracer) after injections, the animals were deeply anaesthetized and replaced in the stereotaxic frame as described above. Two vertical and two horizontal metal rods (one in each hemisphere) were introduced into the brain perpendicular and parallel, respectively, to the plane passing through the two ventricular landmarks. These landmarks allowed us to define two ventricular planes, transverse and horizontal, in order to analyse the brains post-mortem according to the stereotaxic landmarks. The monkeys were then perfused transcardially with 400 ml of saline (0.9% at 37 C) followed by 5 l of 4% paraformaldehyde (in 0.1 M PBS, pH 7.4 at 4 C) and 1 l of PBS with 5% sucrose. The brains were removed from the skull, rinsed in PBS complemented with 10% sucrose for 1 day and 20% sucrose for 1 day, then frozen and cut into 50-mm-thick sections transversely with reference to the ventricular anterior and posterior commissures on a freezing microtome.
Histological processing
On all monkeys, Cb was revealed on regularly interspaced (one in five) free-floating sections using a monoclonal antiserum raised against Cb (Sigma) diluted to 1 : 1.000 for 48 h at 4 C under gentle agitation. The primary antibodies were revealed using the ABC method (diluted 1 : 100; Vector Laboratories, Burlingame, CA, USA) using diaminobenzidine tetrahydrochloride (DAB; 0.05%) as peroxidase chromogen.
For the revelation of BDA, all sections were pretreated with 1% Triton X-100 in PBS, then incubated using avidin-biotin complex staining (ABC, Elite, Vector Laboratories) in PBS with 1% Triton for 48 h at 4 C. Sections were treated with nickel (0.2%)-DAB (0.05%) as peroxidase chromagen. Cell bodies could easily be visualized in our material as biocytin occurs in trace in eukaryotic organisms (Smith, 1992) . WGA-HRP was revealed using the method previously described by Mesulam (1978) . Briefly, sections were abundantly rinsed in 0.1 M PBS, then in acetate buffer. Preincubation was performed in 0.1% nitroferricyanure (Sigma) and 0.005% 3,3-5,5 tetramethyl-benzidine (Sigma) solution for 15 min, and hydrogen peroxide was added at a concentration of 0.02-0.04% for about 15 min. Sections were then counterstained with green methyl solution (0.25%).
Cartographic methods
Contours of cerebral structures were traced under the microscope with the aid of an XY plotter connected to the stage of the microscope. The anteroposterior position of each section was given by the anteriority of each section along the AC-PC axis, taking AC as the origin of the system of axes. The dorsoventral axis was given by the holes corresponding to the horizontal rods. The mediolateral axis was perpendicular to the dorsoventral axis. All sections were thus transformed into maps drawn in relation to the AC-PC system of coordinates, and the contours of structures mapped in different monkeys could be directly compared. The limits of anatomo-functional territories shown in published figures for the striatopallidal projection (Parent et al., 1984; Smith and Parent, 1986; Haber et al., 1990; Saint-Cyr et al., 1990; Hedreen and DeLong, 1991; Hazrati and Parent, 1992; Flaherty and Graybiel, 1994; François et al., 1994a) were transferred onto the corresponding cerebral maps of our series drawn from Cb material.
All cartographic data obtained from the left hemisphere of monkeys were transferred to the right hemisphere for an easier comparison. The illustrations were scanned into a computer from camera lucida drawings or charts and finished using Adobe Photoshop or Microsoft PowerPoint software.
Results

Overview of abnormal movement and behavioural disorders induced by bicuculline microinjections into the GPe
In the three monkeys studied, microinjections of bicuculline performed into various parts of the GPe induced three different types of behavioural disorders. Thus injections in the posterior and lateral part of the GPe induced abnormal movement referred to as dyskinesia, those performed in the anterodorsal part of the GPe produced hyperactivity and/or attention deficit, while stereotyped behaviours where obtained after injections in the anterior and medioventral portion of the GPe. For the present study, different sites of bicuculline microinjections that produced the most characteristic behavioural changes were chosen to perform injections of axonal tracer. The localization of these microinjection sites is illustrated in Fig. 1A , and their behavioural effects induced in the different monkeys are summarized in Table 1 .
The effect obtained from site no. 3 in the right GPe of monkey B (Fig. 1A ) was leg dyskinesia without any behavioural modification (Table 1) . This dyskinesia did not modify the execution of the task. In the same monkey, site no. 21 in the left GPe (Fig. 1A) was retained as the injection of bicuculline induced only a change in the spatial strategy in the execution of the task, a trouble that we related to an attention deficit. In monkey A, we have retained site no. 31 in the right GPe, as it was associated with the production of a hyperactivity with spatial strategy modification in the task, and (Parent et al., 1984; Smith and Parent, 1986; Haber et al., 1990; Saint-Cyr et al., 1990; Hedreen and DeLong, 1991; Hazrati and Parent, 1992; Flaherty and Graybiel, 1994; François et al., 1994a) onto the same anteroposterior sequence of transverse sections. The sensorimotor territory is represented in white, the associative territory in grey and the limbic territory in black. AC = anterior commissure; GPe = external globus pallidus; GPi = internal globus pallidus. analysis between control and injections was done using a two-way ANOVA followed by appropriate post hoc comparisons. Significant modifications for each injection effect are illustrated in bold (# " SP Leg).
(""": P < 0.001;
"": P < 0.01 and ": P < 0.05). M = monkey; Ab Mvt = abnormal movement; N = normal; SP = spatial perturbation. Behaviours: (1) resting;
(2) hand examination; (3) grooming; (4) leg movements; (5) arm movements; (6) licking/biting fingers; (7) touching equipment; (8) tail examination.
site no. 46 in the left GPe which produced stereotypy (Table  1) . Finally, in the third monkey, H, we chose to reproduce the results obtained from monkey A, and thus selected site no. 26 right GPe which produced hyperactivity with spatial strategy modification and site no. 37 left GPe which produced stereotypy ( Fig. 1A and Table 1 ). However, in the last case (site no. 37), the injection of tracer performed was very small and weak, and we have thus chosen to add another experimental case (MM33) in which the axonal tracer was injected at the same location in the GPe as in monkey H, but which was not involved in the behavioural studies.
Relationship between the localization of the injection sites and the pallidal territories
All injection sites of tracers performed in the GPe (Fig. 1B) were compared with the distribution of Cb immunoreactivity as seen on adjacent sections (Fig. 1C ) and with the delineation of anatomo-functional territories already reported in the literature (Fig. 1D ). The Cb immunoreactivity was absent in the posterior and lateral part of the GPe, and gradually increased in the more anterior and medial part to reach a maximal intensity in the most anterior and ventral parts (Fig. 1C) .
The most posterior site of tracer injection where we produced abnormal movements (site no. 3) was laterally located (AC-3.5; Fig. 1B) , in a region characterized by a very weak staining of Cb immunoreactivity (Fig. 1C) , and corresponding to the sensorimotor territory (Fig. 1D) . The site in relation with the expression of an attention deficit without hyperactivity (site no. 21) was more anteriorly located in the GPe than in the preceding case (AC-1.5; Fig. 1B) . It lies in a region characterized by a moderate staining in Cb reactivity (Fig. 1C) and corresponding to the associative territory of the GPe at the limit with the sensorimotor territory (Fig. 1D) . The sites in relation to the expression of an attention deficit with hyperactivity (sites nos 26 and 31) were localized more anteriorly in the GPe (AC-0.5; Fig. 1B ) than the other site described previously. This GPe region was moderately to weakly stained in Cb reactivity (Fig. 1C) and corresponded to the associative territory for one site (no. 26) close to the most anterior part of the sensorimotor territory for the other site (no. 31), the transition between both being progressive ( Fig. 1C and D) . Finally, the sites chosen for tracer injection where microinjections elicited a stereotyped behaviour (stereotypy sites nos 37 and 46) were the most anteriorly and medially located in the GPe (AC 0; Fig. 1B) , in a region densely stained in Cb reactivity (Fig. 1C) and which corresponded to the limbic territory (Fig. 1D ).
General labelling features
In all cases, retrogradely labelled cell bodies were found in the striatum ( Fig. 2A) where they were labelled in a Golgi-like manner with filling of the whole dendritic trees (Fig. 2B and  C) . Anterogradely labelled terminal axons were distributed in the two output structures of the basal ganglia represented by the GPi (Fig. 2D) and SNr (Fig. 2E) . These labelled terminal axons were characterized by numerous varicosities borne by very thin, branched terminations (Fig. 2F) . Intensely labelled axons were also distributed within the STN (Fig. 2G, H and I ). The retrograde labelling observed in the STN as well as the anterograde labelling in the striatum has not been considered in the present study.
Retrograde and anterograde labelling relative to each site within the GPe After injection of axonal tracer into site no. 3 of the GPe that produced movement disorder, numerous retrogradely labelled cells were distributed in the posterior and dorsal part of the putamen (Fig. 3, grey) . Anterogradely labelled terminal axons were mainly distributed in posterior and central portions of the GPi, whereas in the SNr, the other output of the basal ganglia, the labelling was obviously less dense and was distributed in a restricted anterolateral portion anteriorly and in a central part more posteriorly. Anterogradely labelled terminals were also largely distributed in the dorsolateral part of the STN.
After injection of axonal tracer in site no. 21 that produced attention deficit site without hyperactivity, numerous retrogradely labelled cells were distributed in the striatum (Fig. 3,  black) . They mainly occupied the dorsal portion of the putamen and of the caudate nucleus (Cd) from 4.75 anterior to AC and 1.25 posterior to the AC. Anterogradely labelled terminal axons were quite equally distributed in the two output structures from their anterior to their posterior extent. In the GPi, they were observable in the lateral part anteriorly (AC-1.25) and in its dorsal part posteriorly (AC-3.25), while in the SNr, they were present in a ventral portion. Within the STN, labelled terminals were mainly encountered in the ventral portion.
When injections of tracer were performed in site no. 26 or no. 31 that produced hyperactivity and an attention deficit, the distribution of retrograde and anterograde labelling was obviously similar. Thus only case no. 31 in monkey A was illustrated (Fig. 4, black) . Retrogradely labelled cells were located in the striatum occupying roughly the same anteroposterior extent as in the preceding case (anterior AC þ 4.75 to posterior AC-0.25). However in that case, they were mainly found in the dorsolateral part of the anterior putamen. Anterogradely labelled terminal axons were distributed equally in the two output structures of the basal ganglia, occupying their central portion from anterior to posterior. Terminal axons also occupied the mediodorsal portion of the anterior STN.
Finally injection of axonal tracers made in site no. 37 or no. 46 that produced stereotypy resulted in the same distribution of labelling and only case no. 46 in monkey A was illustrated (Fig. 4, grey) . In these cases, retrogradely labelled cells were found in the anterior part of the striatum, and more particularly at the limit between the dorsal portion of the nucleus accumbens and the ventral part of the head of the caudate nucleus. As observed on striatal sections which were double labelled for tracer and Cb, the labelled cells were mainly located in the matrix, thus outside striosomes ( Fig. 2J and  K) . Anterogradely labelled terminal axons were restricted to a small anterior and medial portion of the GPi. On the contrary, these terminals were more densely packed in the other output structure, the SNr, where they occupied a large part of the anteromedial portion. Labelled terminal axons were also observed in the STN, but they were restricted to the most anteromedial part. Contrary to the other cases, injections of tracer within a pallidal site which induced stereotypy also resulted in numerous labelled terminals in the whole extent of the SN pars compacta ( Figs 2L  and 4, grey) . 
Comparison of the different neuronal networks
In order to compare these different neuronal networks underlying the input and output connections of the subregions of the GPe described above, maps of the labelling distribution obtained in different cases were transferred onto one hemisphere of the monkey B (Fig. 5) . Although the data were derived from different experimental cases, they were deemed to be comparable since all of the cerebral maps were related Fig. 3 Distribution of labelling after injections of tracer into the sites of the external globus pallidus where microinjections elicited abnormal leg movements (Abn. mvt.) (no. 3, grey) and an attention deficit without hyperactivity (no. 21, black) in monkey B. Transverse sections are regularly interspaced from anterior to posterior and anteriorly located in reference to the anterior commissure (AC). Note that in two cases, labelled cell bodies (dots) were distributed in different parts of the putamen and of the caudate nucleus. Similarly anterogradely labelled axons (sinuous lines) were seen in different parts of the internal globus pallidus, substantia nigra and subthalamic nucleus. The insert shows a high-power view of labelled terminal axons in the subthalamic nucleus. AC = anterior commissure; Acc = nucleus accumbens; Cd = caudate nucleus; GPe = external globus pallidus; GPi = internal globus pallidus; Pu = putamen; SNc = substantia nigra pars compacta; SNr = substantia nigra pars reticulata; STN = subthalamic nucleus.
to the AC-PC stereotaxic coordinates system. From posterior to anterior portions of the basal ganglia, it appeared that the regions linked to abnormal movement circuit (yellow), were the most caudally and laterally located in all the basal ganglia.
Moreover, the GPi appeared to be more linked to movement disorder than the SNr. The two circuits underlying hyperactivity and/or attention deficit were both more anteriorly located. The circuit linked to the production of hyperactivity Fig. 4 Distribution of labelling after injections of axonal tracer into the sites of the external globus pallidus where microinjections elicited an hyperactivity associated to attention deficit (no. 31, black) and stereotypy (no. 46, grey) in monkey A. Transverse sections are regularly interspaced from anterior to posterior and anteriorly located in reference to the anterior commissure. Note that in two cases, labelled cell bodies (dots) were distributed in different parts of the putamen and of the caudate nucleus. Similarly anterogradely labelled axons (sinuous lines) were seen in different parts of the internal globus pallidus, substantia nigra and subthalamic nucleus. The insert shows a high-power view of labelled terminal axons in the subthalamic nucleus. Same abbreviations as in Fig. 3. with attention deficit (black) tended to be more ventrally located in the striatum and GPi than the circuit underlying attention deficit circuit alone (green) while it occupied more dorsal portions of the SNr and STN. However, in all structures considered, the hyperactivity with attention deficit circuit was partly superimposed on the attention deficit circuit alone, as would be expected, but also on the movement disorder circuit, especially in the GPi (AC-2.25; Fig. 5 ) and in the SNr (CA-6.25; Fig. 5) . Finally, the regions linked to stereotypy (blue) were the most anteromedially located in all basal ganglia with no superimposition with another circuit in any part of the basal ganglia. Moreover, the SN as a whole (pars Fig. 5 Comparison between the neuronal circuits which produced either abnormal movements (yellow), attention deficit alone (green), hyperactivity and attention deficit (grey) and stereotypy (blue), after tracer injections into different portions of the external globus pallidus. These circuits involve different portions of the caudate nucleus and putamen, of the internal globus pallidus, subthalamic nucleus and substantia nigra. Note a partial overlap between the different neuronal networks, especially in the internal globus pallidus and substantia nigra. Same abbreviations as in Fig. 3 . reticulata and compacta) appeared to be more linked to stereotypy than the GPi.
Discussion
By using axonal tracer injected in restricted parts of the GPe, where transitory behavioural disorders have previously been produced by microinjection of bicuculline, we describe the regions of the basal ganglia underlying these different behavioural disorders. Basic principles that emerge are that (i) the different behavioural disorders produced in monkeys are underlined by different anatomical circuits within the basal ganglia; (ii) these circuits involve different subregions of the basal ganglia and appeared largely separated even if a partial overlap exists within the output structures represented by the GPi and SNr; (iii) each of these anatomical circuits systematically involves both the GPi and the SNr but not equally; (iv) different subregions of the STN were also involved depending on the movement or behavioural disorder produced.
Different structures of the basal ganglia related to the GPe
The present tract-tracing study first confirms previous data in monkeys concerning the retrograde labelling of cells in the striatum and anterograde labelling of terminals within the GPi, SNr and STN after tracer injection into the GPe (Nauta and Mehler, 1966; Carpenter et al., 1968 Carpenter et al., , 1981 Hazrati et al., 1990; Shink et al., 1996) . Indeed it had already been reported that the pallidal terminals display large varicosities that were often closely apposed to the cell bodies and proximal dendrites of STN, GPi and SNr (Sato et al., 2000) . The existence of preferential synaptic contacts with cell bodies and proximal dendrites of SNr and entopeduncular neurons in rats (the equivalent of the GPi of primates) has been demonstrated using electron microscopy (Smith and Bolam, 1991; Bolam and Smith, 1992) . Altogether these data suggest that all parts of the GPe project to the GPi and SNr as well as to the STN. The present study confirms such an organization, but also indicates that different subregions of the GPe project to different anatomo-functional territories of the basal ganglia. In such an organization, the most anteromedial portion of the GPe appeared particular as it was the only one subregion of the GPe which projects not only to the SNr but also to the whole extent of the pars compacta. As previously shown in monkeys, this projection appeared not topographically organized (Haber et al., 1993) .
The GPe was reported to also project to structures such as the thalamic reticular nucleus and the pedunculopontine nucleus, which are located outside of the basal ganglia. However, such projections are very sparse and even questioned (Sato et al., 2000) . This suggests that the different anatomofunctional territories of the basal ganglia that were labelled in our study are the main cerebral structures involved in the behavioural effect produced. Our data are based on the delineation of distinct anatomo-functional territories in the basal ganglia as already done in the literature on the basis of tracttracing data and using the distribution of Cb immunoreactivity. Thus in the striatum and in the two pallidal segments, but also in the SNr, the limbic territories were delineated as regions of intense immunoreactivity, the associative territories as those of moderate Cb immunoreactivity, and the sensorimotor territories as those of very weak immunoreactivity, confirming previous data from our laboratory (François et al., 1994b; Karachi et al., 2002) . All these different anatomofunctional territories of the pallidum and SNr appeared implicated in circuits related to the expression of abnormal movements and behavioural disorders. This is also the case for the STN which thus appeared subdivided into different functional subregions. This result may explain the role played by the STN not only in motor control but also in cognitive and motivational processes as reported in clinical and experimental studies Robbins, 1997, 1999; Alegret et al., 2001; Mallet et al., 2002; Funkiewiez et al., 2003) .
In our study, it is not possible to determine if the extent of the bicuculline injection site, and thus its physiological action, can be superimposed on that of the axonal tracer injection sites. However, injection of tracers performed within two different sites of a given anatomo-functional territory of the GPe where microinjections of bicuculline produced a given behavioural effect, resulted in similar distribution of labelling within the subregions of the basal ganglia. This thus reinforces the result that every behavioural effect produced is underlined by a given anatomo-functional subregion within the basal ganglia.
Anatomical circuits underlying the movement and behavioural disorders Regions related to movement disorder
The present data first confirm that after injection of axonal tracer into the posterior and central portion of the GPe where microinjections produced leg dyskinesia, retrogradely labelled cells were distributed in the posterior part of the putamen. This striatal region is known to receive inputs mainly from the motor, premotor and somatosensory cortex (Künzle, 1975; Flaherty and Graybiel, 1991; Inase et al., 1996; Takada et al., 1998; Tokuno et al., 1999) . These two pallidal and striatal regions contain very weak Cb immunoreactivity, which is a characteristic feature of sensorimotor territories (François et al., 1994b; Karachi et al., 2002) . Moreover, we observed that the sensorimotor region of the GPe projects to posterolateral parts of the SNr, but above all to posterior portions of the GPi, all regions which are known to receive inputs from the striatal sensorimotor territories (Parent et al., 1984; Smith and Parent, 1986; Graybiel, 1991, 1994; Hedreen and DeLong, 1991; Hazrati and Parent, 1992; François et al., 1994a; Kaneda et al., 2002) . Electrophysiological evidence in support of the main sensorimotor role of the GPi was provided by recording cells after stimulation of motor cortical areas (Yoshida et al., 1993) and by retrograde transynaptic labelling of herpes virus from motor cortical areas (Hoover and Strick, 1999) . The dorsolateral portion of the STN where we found labelled GPe terminations is also known to receive motor cortical inputs (Nambu et al., 1996) . It can thus be concluded that movement disorder that can be induced by microinjection of bicuculline in the GPe involves motor territories of all the basal ganglia.
Regions related to hyperactivity and/or attention deficit
The striatal region occupied by neurons which project to the GPe region where microinjections elicited spatial perturbation in the task, suggesting attention deficit, without hyperactivity (see Grabli et al., 2004) were located anteriorly in dorsal portions of the putamen and of the caudate nucleus. These striatal regions are reported to receive cortical inputs from different areas: the associative parietal and dorsolateral cortex Pandya, 1991, 1993) , the anterior part of the motor and premotor cortex Takada et al., 1998) , but above all the supplementary and pre-supplementary motor areas Kaneda et al., 2002) , the supplementary eye field (Shook et al., 1991; Parthasarathy et al., 1992 , Cui et al., 2003 and the motor cingulate cortex (Takada et al., 2001) . All these cortical areas anterior to the primary motor cortex participate in cognitive processes in addition to their well-known role in movement planning and execution. In particular, the anterior part of the premotor cortex, the dorsolateral prefrontal cortex and the supplementary eye field which mainly project to the caudate nucleus were reported to be specialized, among others, in spatial attention (Corbetta et al., 1991; Corbetta and Shulman, 1998; Boussaoud, 2001) .
Within the GPi, axonal fibres were located in the lateral part anteriorly, and in its dorsal part posteriorly, while in the SNr they were present in a ventral portion. These regions, which appeared moderately stained on Cb immunoreactive sections, were reported to receive striatal inputs from the most posterior part of the associative territories, and from the most anterior part of the sensorimotor territories (Parent et al., 1984; Smith and Parent, 1986; Hedreen and DeLong, 1991; Hazrati and Parent, 1992; Flaherty and Graybiel, 1994; François et al., 1994a) , and more specifically from striatal regions linked to the supplementary motor area (Kaneda et al., 2002) . These regions contain neurons which are known to project via the thalamus back to the associative prefrontal cortex as well as to the supplementary and pre-supplementary motor cortex Strick, 2000, 2002) . Within the STN, axonal fibres were confined to the anterior and ventral portion, in a region known to receive cortical inputs mainly from the supplementary and pre-supplementary motor areas (Takada et al., 2001 ) but also, partly, from pre-supplementary and supplementary eye field (Shook et al., 1991) . Thus our results certainly indicate that the attention deficit circuit alone is underlined by subregions of the basal ganglia linked to the cortical areas which play a major role in both motor planning and attention processes.
Comparatively, hyperactivity with attention deficit circuit involves roughly the same portions of the striatum, but the labelling was slightly more ventrally located in the putamen and did not reach the caudate nucleus. This striatal zone not only receives cortical projection from the most anterior part of the secondary motor areas such as the supplementary motor cortex but also from the rostral cingulate motor cortex as recently reported (Takada et al., 2001) . Within the GPi, GPe labelled axons occupied a more ventral portion, while in the SNr they were more dorsally located than in the attention deficit circuit alone. As for the striatum, these regions, and particularly that located in the GPi, tended to involve the anterior part of the sensorimotor territories. The region implicated in the STN was also more dorsally located than in the preceding case and thus implicated a region which was reported to receive inputs from the rostral cingulate motor cortex (Takada et al., 2001) . It may thus be concluded from our results that the attention deficit with hyperactivity circuit is underlined by subregions of the basal ganglia linked not only to the supplementary and pre-supplementary motor areas but also to the rostral cingulate motor cortex. These secondary motor cortical areas are implicated not only in the execution of the movement but also in higher-order cognitive aspects of the movement such as motor selection or error detection (Akkal et al., 2002; Isomura et al., 2003) .
Even if it is difficult to compare attention deficit with hyperactivity observed in monkeys with ADHD disorder described in humans, it is interesting to note that functional abnormalities in humans were visualized not only in prefrontal cortical areas (Amen et al., 1993; Amen and Carmichael, 1997; Spalletta et al., 2001 ) and more specifically in the anterior cingulate cortex (Bush et al., 1999) , but also in the caudate nucleus (Castellanos et al., 1996; Filipek et al., 1997; Rubia et al., 1999; Castellanos, 2001) , in both caudate nucleus and putamen (Vaidya et al., 1998; Teicher et al., 2000) and in the pallidum as a unit (Aylward et al., 1996; Castellanos et al., 1996) . Our findings and these observations in humans strongly suggest that ADHD as a whole represents a deficiency in parts of the basal ganglia linked to associative prefrontal cortex and to secondary motor cortical areas involved in attention processes and motor planning.
Regions related to stereotyped behaviour
The striatal region labelled after injection of axonal tracer in the region of the GPe where microinjections elicited a persistent repetition of a single behaviour was ventromedial in the striatum, in a region located at the limit between the dorsal portion of the nucleus accumbens and the ventral part of the head of the caudate nucleus. Even if neither cytoarchitectonic nor immunohistochemical methods allows us to isolate the nucleus accumbens from the other part of the striatum, this striatal region is known to be the major structure that receives limbic inputs from the orbitofrontal, anterior cingulate and insular cortices (Kunishio and Haber, 1994; Haber et al., 1995; Chikama et al., 1997; Ferry et al., 2000) , amygdala and hippocampus (Russchen et al., 1985; Friedman et al., 2002; Fudge and Haber, 2002) , all regions which are known to process emotional and motivational information. The labelled GPe fibres originating in the site related to stereotypy occupied anterior and ventromedial located regions of the GPi but above all of the SNr, regions which correspond to limbic territories as seen on Cb-immunoreactive sections and after comparison with a tracing study . However it is clear from our results that the SNr is more linked to limbic structures than the GPi. These regions of the output structures of the basal ganglia are known to project to the orbital frontal cortex via the medial part of the thalamus (Ilinsky et al., 1985; Haber et al., 1993) . In the STN, which is free of Cb, the labelling region was also restricted to the most rostromedial part of the nucleus, which confirms the existence of a limbic pallidosubthalamic territory, as recently described in our laboratory (C. Karachi, in press). Our present anatomical evidence thus supports the early suggestion that the pallidum could be involved in obsessive-compulsive disorder as it was reported that bilateral lesions in this structure can produce striking obsessive-compulsive disorder-like behaviour (Laplane et al., 1984 (Laplane et al., , 1989 .
Our data also confirm that one particular output target of the ventral limbic GPe is represented by the dopaminergic neurons of the SN pars compacta (Gerfen, 1992; Haber et al., 1993; Lynd-Balta and Haber, 1994) . These dopaminergic neurons are considered to be the key for focusing attention on significant and rewarding stimuli (Schultz, 1997) . This suggests an influence of the limbic GPe on the whole extent of the striatum via the dopaminergic nigro-striatal projection (Haber et al., 1993) . Moreover, it was recently demonstrated in the rat that striosomes, one of the two compartments of the striatum which is thought to also project to the SNc (Graybiel, 1990; Gerfen, 1992) , appear active when the animal performs repetitive, stereotyped behaviours in response to dopamine receptor agonists (Canales and Graybiel, 2000) . The fact that, in our study, neurons, labelled after injection in the site where stereotypy was induced, were mainly found in the matrix of the ventral striatum not in striosomes, suggests that the output pathway of the matrix is also involved in the production of stereotyped behaviour.
This stereotyped behaviour that was produced in our monkeys resembles tics and compulsive disorders described in patients with Tourette's syndrome or with obsessivecompulsive disorder. Imaging studies from patients with obsessive-compulsive disorder and with Tourette's syndrome reported abnormalities of volumes in the caudate nucleus (Scarone et al., 1992; Peterson et al., 1993; Singer et al., 1993; Hyde et al., 1995; Moriarty et al., 1997; Peterson, 2001) . Abnormal neuronal activity has also been reported at rest in the caudate nucleus but also in the ventral globus pallidus, orbito-frontal and cingulate cortex (Eidelberg et al., 1997; Rauch and Baxter, 1998; Saxena et al., 1998; Peterson, 2001; Rauch et al., 2001) . Interestingly it was reported that infusion of sera from patients with Tourette's syndrome into the ventral striatum of rats increased the rate of oral stereotypies (Taylor et al., 2002) . Together, these data and our present results provide strong evidence for an implication of the limbic parts of all the basal ganglia in producing stereotyped behaviour.
Partial superimposition of the different neuronal networks
There was no evidence of superimposition of the different neuronal networks that produced abnormal behaviours and movements within the striatum and the STN, except in limited zones between the hyperactivity associated to attention deficit circuit and the attention deficit circuit alone. On the other hand, within the output structures of the basal ganglia, regions which appeared linked to attention deficit alone overlapped with some portions of the hyperactivity and attention deficit circuits, as can be expected, but also with the movement disorder circuit. This highly suggests the existence of a gradient between movement, hyperactivity and attention deficit circuits in the GPi and in the SNr. The notion that such a gradient exists is supported by the existence of very long dendrites especially in these two structures (Yelnik et al., 1984 (Yelnik et al., , 1987 , which allows convergence of information coming from different functional striatal territories on a single neuron. This was observed for pallidal neurons located in an intermediate zone between the associative and the sensorimotor territories and which respond to the stimulation of both the caudate nucleus and the putamen (Tremblay and Filion, 1989) , and this may also be the case at the interface between the limbic and associative territories. Such a pattern gives the possibility of integration of functionally diverse information, at least within the output structures of the basal ganglia.
Conclusion
Our approach allowed us to demonstrate that the different behavioural disorders produced in monkeys by microinjections of bicuculline in different portions of the GPe are underlined by different anatomical circuits within the basal ganglia. This provides strong evidence for the involvement of different subregions of the basal ganglia (the two output structures: GPi and SNr, and the STN) in producing abnormal movement and behaviours. It can thus be hypothesized that different portions of the basal ganglia organized in anatomo-functional circuits play a role in the pathophysiology of syndromes such as obsessive-compulsive disorder, Tourette's syndrome or ADHD. In such a hypothesis, these different subregions of the basal ganglia could be considered as therapeutic targets. Thus, high frequency stimulation, which is well known to improve motor disorders of Parkinson's disease when it is centred in the sensorimotor territory of the STN (Yelnik et al., 2003) could also improve behavioural disorders when other anatomo-functional subregions are targeted.
